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H ybrid organic−inorganic perovskites have found recent prominence as the active photovoltaic layer in optoelectronic devices due to high and balanced charge carrier mobilities, 1 tunable bandgaps, 2 and high absorption cross sections. 3 Perovskite films are cheap to synthesize using solution processing techniques, with functionality seemingly unimpaired by impurities, unlike competing semiconductors. 4 In addition to photovoltaics, perovskites have shown great promise for applications ranging from lasers, 5 photodetectors, 6 light-emitting devices, 7 thin film transistors 8 to spintronics. 9 Despite intense research efforts to enhance these promising attributes, 3,10−17 an underlying mechanistic understanding of these highly desirable properties remains nebulous.
Organic lead iodide perovskites take the stoichiometry APbI 3 , where A is an organic cation. In an ideal cubic perovskite crystal structure, the organic cation is caged within an inorganic lattice comprised of a cube of lead cations with an iodide octahedron around each lead cation. Despite a simple chemical structure, hybrid inorganic−organic lead halide perovskites have been shown to be inherently complex materials that support a diverse range of dynamical processes essential to their photovoltaic performance. These phenomena operate over a multitude of time scales and include organic and inorganic ion diffusion, 18 organic cation rotation, 14, 15, 19, 20 and octahedral distortions. 17, 21 Recent studies, however, indicate that static effects such as Rashba splitting in the conduction band, may play a pivotal role. 9, 22 The choice of organic cation in lead halide perovskites is significant, and can change the most stable phase at room temperature (e.g., orthorhombic vs tetragonal), resulting in different band gap energies. 2, 21, 23, 24 Whether this arises from purely steric effects and changes to the lead iodide lattice spacing, or instead via changes in electronic structure induced by different van der Waals interactions between the cation and surrounding inorganic lattice, is a matter of controversy. 25−27 Several prominent studies have proposed that the rapid reorientation and/or alignment of organic cations may be a crucial factor contributing toward the observed low charge recombination rates for hybrid perovskites. 1, 16, 24, 28 The proposed mechanisms involve either (i) photoexcited charge carriers causing proximal cations to reorient, inducing fluctuations and distortions in the inorganic lattice through van der Waals electrostatic interactions and the formation of large polarons; 20, 27, 29, 30 or (ii) neighboring organic cation dipoles aligning to form (anti)ferroelectric domains, which can channel opposite charges away from each other via the boundaries of such domains. 24, 28, 31, 32 Studies of the hybrid perovskite archetype, methylammonium lead iodide perovskite (MAPbI 3 ), revealed that the organic cation reorients on the order of several picoseconds at room temperature. 12, 14, 15, 19 Some of the latest hybrid lead halide perovskite thin films use formamidinium (NH 2 CHNH 2 + , FA + ) as the organic cation. This results in a favorable red-shift toward the ideal band gap. 33 A recent study examining the carrier diffusion length of single crystals, indicated that many lead-halide (Br, I) perovskites incorporating FA + display increased carrier diffusion lengths by up to a factor of 4 (cf. methylammonium containing perovskites), which was attributed to ferroelectric domain formation. 1 Despite these promising photovoltaic properties, to date, experimental studies have yet to directly determine the presence of ferroelectric domains in formamidinium lead iodide perovskite (FAPbI 3 ) thin films, and make a direct connection between their promising photoactive properties and underlying molecular structure.
In this work, we investigate the vibrational dynamics associated with the formamidinium cation in FAPbI 3 films and elucidate the influence of the reorientation time scales of FA + on the photophysical material properties using twodimensional vibrational spectroscopy (2DIR). Time-resolved infrared spectroscopy (TRIR) measurements were also used to probe the effect of photoinduced charges on the organic cation. We show, for the first time, that FA + reorientation is characterized by 470 ± 50 fs and 2.8 ± 0.5 ps time constants. Such rapid reorientation shows that ferroelectric domains are unlikely to play any role in long carrier lifetimes.
For infrared spectroscopic measurements, the strong midinfrared peak centered at 1713 cm −1 , (see FTIR spectrum in Figure 1a ) was used to probe the inorganic lattice−molecular cation interactions. This vibrational feature has previously been attributed to the CN symmetric stretching vibration of the FA cation; 34, 35 however, these studies did not include any justification for this assignment. We used high-level coupled cluster ab initio calculations with single and double excitations (CCSD) with an aug-cc-pVTZ basis set to calculate the normal modes and associated frequencies of the formamidinium cation. Our calculations show the 1713 cm −1 feature should instead be assigned to the C−N antisymmetric stretching vibration. The associated vibrational transition dipole moment lies in the plane of the molecule along an axis that lies parallel to the two nitrogen atoms (see Figure 1a ). The details of FAPbI 3 thin film synthesis are given in the Supporting Information (SI). Linear absorption and fluorescence spectroscopy ( Figure 1b ) alongside X-ray diffraction measurements confirmed that FAPbI 3 thin films were present in the cubic (α) phase with Pm3m space group (see SI). We investigated the cation rotation in two different samples: FAPbI 3 thin films deposited on CaF 2 substrates, and FAPbI 3 thin films sandwiched between hole transport material spiro-OMeTAD and electron acceptor titanium dioxide. TRIR studies were only performed on FAPbI 3 thin films.
Ground state 2DIR spectra were found to be contaminated with a thermal component, as previously reported for 2DIR studies of MAPbI 3 thin films. 12, 14 Through a higher-order singular value decomposition, we were able to isolate and remove some part of these signals from the 2DIR spectra for data acquired in parallel and perpendicular pump−probe configurations (I para and I perp , respectively)-see SI for details of this procedure. We note that the thermal component is isotropic and therefore does not affect our anisotropy results (see Figure S9 ). These data were then used to generate isotropic 2DIR spectra through the relation
(1) Figure 2 displays isotropic 2DIR spectra at four waiting times for FA + . The spectra are dominated by two features; the negative feature centered on the diagonal (black dashed line) at 1713 cm −1 corresponds to overlapping ground state bleach (GSB) and stimulated emission (SE) signals associated with the C−N antisymmetric stretch of the FA + cation. The positive feature centered at ω 3 = 1706 cm −1 is the corresponding excited state absorption (ESA) signal.
The GSB/SE and ESA features are predominantly homogeneously broadened, i.e., the diagonal and antidiagonal line widths are very similar, and they evolve little within the 100 ps measurement window. Center line slope analysis of the GSB/SE feature showed that the feature's line shape is almost entirely time-invariant within the noise limit of the experiment (see SI), indicating minimal or no spectral diffusion. We explain the apparent lack of spectral diffusion later in the context of our anisotropy results. Figure 3a displays the population relaxation dynamics (isotropic signal) of the FA + C−N antisymmetric stretch GSB/SE feature for the two perovskite films. The kinetics associated with the film coated directly onto the CaF 2 windows, and sandwiched between hole and electron transport materials are essentially identical, and could be fit to a biexponential decay with 2.8 ± 0.2 ps and 500 ± 155 ps time constants. The 2.8 ps lifetime is similar to the vibrational lifetimes measured for the symmetric N + H 3 bending mode of MA + in MAPbI 3 films. 12, 14 The source of the long-lived component is unclear, FA + cations buried in the bulk and at the surface of the film 
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Letter provide a possible explanation, however, this is unlikely given the long-lived component comprises 45% of the signal amplitude and the small surface-to-bulk ratio of the film. Some studies report the formation of water complexes around organic cations in perovskites, 36 but, given the care taken to use samples soon after synthesis, this seems unlikely. We rule out the presence of any δ-FAPbI 3 (yellow phase) in our samples based on absorbance measurements before and after ultrafast spectroscopic measurements, and our X-ray diffraction data. We conclude that our single value decomposition analysis is unable to fully remove the isotropic long-lived thermal heating component. However, comparisons of the isotropic response for different values of ω 3 in the SI (see Figure S5 ) shows that this does not significantly alter the 2.8 ps time constant.
The anisotropic response was calculated using the following relation: Figure 3b displays these data for the GSB/SE antisymmetric C−N stretching vibrational feature of each data set. These data were fit to a biexponential decay with an offset, which returned 470 ± 50 fs and 2.8 ± 0.5 ps time constants (R 2 > 0.999), with associated normalized exponential prefactors of 65% and 29%, and an offset corresponding to 6% of the total amplitude. We deduce that the long-time nonzero values of R(t 2 ) arise from a small subensemble of the cation population that is unable to reorient, such as cations situated at the edges of crystals or at the film−substrate interface. We emphasize that this is a very minor (6%) component of the total population. Snapshots of our 298 K molecular dynamics simulations (see SI for details) are given in Figure 4 . They predict that the FA + cation preferentially orients −NH 2 groups toward opposing faces of cube formed by the Pb atoms. These observations are in agreement with a previous MD simulations 37 and timeaveraged neutron diffraction studies. 38 For our room temperature MD simulations, we observe two key motions associated with the formamidinium cation (see animation of MD simulation in the SI): (i) the cation agitates around its mean position, but rotates around the axis formed by the two nitrogen atoms, and (ii) the cation undergoes a 90°jump about the center of the cube, such that the FA + −NH 2 groups point toward an adjacent pair of opposing cube faces (compare panels a and b in Figure 4 ). Our simulations also reveal that no part of the FA + cation remains fixed at the center of the cube. The autocorrelation function around the rotational axes that passes through the two nitrogen atoms was averaged over 83 trajectories, returning the ensemble rotational reorientation dynamics displayed in Figure 3c . Fits to these data return 680 ± 10 fs and 4.5 ± 0.1 ps time constants, which are in good numerical agreement with the values determined from the 2DIR anisotropy experiments. An animation illustrating the 
Letter FA + and lattice motions from MD simulation is included in the SI. We note that our MD simulations return different reorientation times compared to previous Born−Oppenheimer DFT-PBESOL MD simulations. 39 In our study, we have used classical MD simulations, and thus can afford to sample a far larger supercell (8 × 8 × 8) incorporating 512 FA + units. The force field used in our study accounts for effects of Pb/I ion dynamics and implements a Nosé−Hoover−Langevin thermostat. Both factors allow for a more realistic distribution of temperature fluctuations as expected for a canonical ensemble.
This distinctive two-part motion is reminiscent of the motions attributed to the MA + cation 12, 14, 19 in MAPbI 3 , which used a coupled "wobbling in a cone/angular jump model" (equation given in SI) to fit the anisotropy data. Using this model to fit our experimental and MD simulations yield unrealistic parameters (see SI), and hence our data are fit to a generic biexponential decay function. We recognize that this diminishes our ability to directly attribute the two observed time constants to specific nuclear motions based on the 2DIR data alone. However, due to the good agreement between 2DIR anisotropy measurements and MD simulations, we can use the explicit motions observed in the MD simulations to assign the experimentally derived time constants.
Our 2DIR anisotropy measurements and MD simulations indicate that the barrier to rotational reorientation and sampling various faces of the lead-iodide lattice must be small relative to room temperature to explain the observed decay in R(t 2 ) toward zero within 10 ps. This means, that the FA + moieties are unlikely to form ferroelectric domains with phenomenologically significant lifetimes, contrary to prior experimental and theoretical studies. 1, 24, 31, 40 These observations explain the lack of spectral diffusion observed in our isotropic 2DIR line shapes; the vibrational dipole moment associated with the C−N antisymmetric stretch (see illustration inset in Figure 1a ) will switch between adjacent and symmetric faces of a cube defined by the Pb atoms, leading to very similar intermolecular interactions. The transition between faces requires transit through an edge or corner of the cube; however, this is so rapid (see MD animation) that the vibrational potential is unaffected, thus explaining the minimal inhomogeneous broadening.
TRIR measurements, specifically near-IR pump and midinfrared probe, were also performed for FAPbI 3 thin films to investigate the role of the formamidinium cations in the conduction band, or evidence for any vibration-intraband coupling. Results from our 760 nm pump, broadband midinfrared probe (centered at 1725 cm −1 ) experiments are displayed in Figure 5 . Each TRIR spectra is dominated by two positive features; a sharp positive peak feature centered at 1718 cm −1 , attributed to a molecular vibration, and a broad diffuse feature that spans all probe frequencies. The latter has previously been assigned to electronic intraband transitions within the conduction band. 41, 42 The sharp feature at 1718 cm −1 in our TRIR data has a similar line shape to the ground state FTIR spectrum (see Figure 1a ), but is blue-shifted by 5 cm −1 , and notably has one-third the intensity of the intraband feature. Negative features at the ground state central frequency associated with the C−N antisymmetric stretching vibration are 
Letter seemingly absent from our TRIR spectra, counter to our expectations based on typical TRIR line shapes (e.g., Figure  S12a ).
We rationalize these observations as follows: 760 nm pump photons generate charge-carriers either in the form of free carriers or polarons. 20, 27, 29, 30 This results in an increased internal electric field in the perovskite thin film and changes the electrostatic environment surrounding FA + molecular cations compared to the valence band ground state. This nascent field perturbs the vibrational potential associated with the C−N antisymmetric stretching FA + vibration, and shifts the associated fundamental frequency, i.e. inducing a transient vibrational Stark shift. In addition, the vibrational transition dipole moment of the C−N antisymmetric stretch vibration in the conduction band must be enhanced significantly compared to the unperturbed vibration in the valence band. Such enhanced vibrational cross sections (termed infrared active vibrational (IRAV) modes) has been observed for thin polymer films, where the oscillator strength associated with vibrational transitions is enhanced by orders of magnitude, making them comparable to those typically associated with electronic states. 43−46 Consequentially, the positive transient feature dwarfs the negative feature in TRIR spectra (see Figure  S12b ). We note that in TRIR studies of MAPbI 3 films using nanosecond lasers, 42 the ratio of negative and positive transient signals are comparable, and reminiscent of a second derivative transient vibrational Stark line shape (see Figure S12a ). We postulate this may be due to the time-delays examined in this study, i.e. > 10 ns, by which time a significant amount of charge-recombination will have occurred, leading to a reduced density of charge carriers/polarons in the film, and thus a diminished IRAV effect.
TRIR anisotropy experiments revealed no depolarization dynamics. Theoretical studies have demonstrated that FA + moieties do not participate in the Pb 6p ← I 5p/Pb 6s electronic transition, 47, 48 and the molecular cation states do not contribute to the top of the valence or bottom of the conduction bands. 49, 50 As our 2DIR results show, the FA + cations are not aligned in the bulk sample for any meaningful length of time. Consequentially, at t 2 = 0 fs there is no vector correlation between the electronic and vibrational transition dipole moments in question, and it is not possible to form a meaningful correlation function. One possible way to explore organic cation reorientation dynamics in the conduction band would be to perform transient-2DIR experiments.
A power-dependence TRIR study (30−120 nJ pump power) revealed the kinetics associated with the intraband were nonlinear, as per previous investigations. 51−53 Increasing the pump fluence generates an initial higher concentration of charge-carriers, which consequentially increases the probability of recombination, and thus leads to a concomitant reduction in conduction band lifetime. The power dependent TRIR data are provided in the SI.
To the best of our knowledge, this is the first direct experimental measurement of the rotational reorientation time scale for formamidinium cations in FAPbI 3 , prior studies have inferred this from temperature dependent 15 N NMR, which has the potential to be sampling both αand γ-FAPbI 3 phases, 54 or from MD calculations. 37, 39 These studies put the cation reorientation time scale between 2 and 10 ps. 37, 39, 54 Our results indicate that the small-range motion of FAPbI 3 has a longer lifetime than those reported for MAPbI 3 (300 fs), but the larger "jump-like" motion occurs with the same frequency, within error. The differing lifetimes can be attributed to a complex interplay between the molecular cation physical structure, the bending modes of the FA + cation, and both −NH 2 groups producing stronger van der Waals interactions with the inorganic lattice (and therefore a larger activation barrier to rotation) than MA + . The consistent "jump" lifetimes are somewhat surprising given the differing phase behavior of MAPbI 3 and FAPbI 3 . It has been proposed that the organic cation rotation in MAPbI 3 is mediated by coupling to lowfrequency phonon modes in the inorganic lattice, specifically those associated with octahedral titling and which contribute to MAPbI 3 phase transitions. From the phonon modes calculated by our calculations based on DFT-PBESOL linear response method, there are many phonon states with similar frequencies on the order of the cation rotational lifetimes (see Figure S14 ), and thus supports a model in which coupling to lattice phonon modes will be also important for FA + reorientation in FAPbI 3 . In addition, we note that like MA + rotation in MAPbI 3 , 12, 14, 55, 56 these lifetimes are shorter than would be expected to facilitate the formation of sufficiently long-lived ferroelectric domains. Although, however unlikely it may seem, we cannot exclude the possibility of entire domains undergoing concerted interconversion on these time scales due to the ensemble nature of our measurements.
Two-dimensional infrared spectroscopy was used to determine 470 ± 50 fs and 2.8 ± 0.5 ps time constants for the rotational reorientation time scales associated with the formamidinium cation inside FAPbI 3 thin films. Complementary molecular dynamics simulations, relate these time constants with two FA + molecular motions: (i) an agitation around the center of the inorganic lattice and (ii) a 90°jump/ flip between adjacent faces of the encapsulating lead cube. The picosecond component for FA + is remarkably similar to the value determined for methlyammonium cations inside MAPbI 3 thin films. 14 Our results rule out the existence of long-lived (anti)ferroelectric domains in FAPbI 3 . Despite these similarities between cation dynamics, it is clear interactions with the inorganic lattice greatly vary with cation, and thus influence the material's bandgap. Based on our results, the observed power conversion efficiencies, and carrier recombination rates 1,57 of FAPbI 3 cannot be explained by (anti)ferroelectric domain 
Letter formation, and are most likely explained by large polaron formation 29, 58 or Rashba 9,22 splitting.
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